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We present a combined theoretical and experimental analysis of the optical proper-
ties of m-plane InGaN/GaN quantum wells. The sample was studied by photolumi-
nescence and photoluminescence excitation spectroscopy at low temperature. The
spectra show a large Stokes shift between the lowest exciton peak on the excitation
spectra and the peak of the photoluminescence spectrum. This behavior is indicative
of strong carrier localization eects. These experimental results are complemented
by tight-binding calculations, accounting for random alloy uctuations and Coulomb
eects. The theoretical data explain the main features of the experimental spectra.
Moreover, by comparison with calculations based on a virtual crystal approxima-
tion, the importance of carrier localization eects due to random alloy uctuations
is explicitly shown.
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Quantum well (QW) structures based on InGaN alloys form the cornerstone of modern
blue light emitting devices.1 Despite the immense success of InGaN-based systems, we are
just beginning to understand their fundamental properties and the impact they have on
device performance.2,3 For instance, in comparison with heterostructures based on other
III-V alloys, e.g. InGaAs, the defect densities in InGaN/GaN QWs are very high.4,5 Given
this fact, it is surprising that these systems are useful for optoelectronic devices. The defect
insensitivity of InGaN-based systems has been attributed to carrier localization eects, which
prevent the diusion of carriers to non-radiative recombination centres.6 Experimentally,
clear indications of the presence of localized states have been given. For instance, the
'S-shape' temperature dependence of the photoluminescence (PL) peak energies presents
such an experimental indication.7,8 Quite often the quantity known as the Stokes shift (SS)
is mentioned as being further evidence of carrier localization. As originally described in
GaAs QWs, the SS was the energy dierence between the peak of the lowest lying exciton
transition in absorption or photoluminescence excitation spectroscopy (PLE) and the peak
of the PL spectrum at low temperatures.9,10 For GaAs and InGaAs QWs, the SS is typically
only a few meV and are caused by the exciton localization at interface states. It should be
noted that in these measurements the SS is precisely dened, being the energy dierences
between two peaks in the respective spectra. Turning to polar InGaN QWs, the SSs are
much larger and values around 150 meV are often quoted.11 It is important to note that the
denition of the energy with respect to which the PL peak is shifted is somewhat arbitrary.
This is because PLE or absorption spectra from polar InGaN QWs do not exhibit any
well-dened exciton peaks. This is largely due to the combined eects of built-in elds and
inhomogeneous broadening.12 In an ideal QW, there should be no SS as long as the dominant
emission is excitonic; thus absorption and emission peaks will have the same energy. In a
disordered system with localized states one expects a higher density of states (DOS) for the
continuum states compared with the density of lower energy localized states. Thus, the high
density of continuum states will dominate the absorption process, while at low temperature
the emission is dominated by recombination involving carriers trapped at the energetically
lowest states which, in a system where disorder eects are dominant, are the localized states.
To shed more light on localization eects in InGaN QWs and to investigate quantitatively
their relation to the SS, the combination of PL and PLE spectroscopy on non-polar InGaN
QWs presents a promising system, since these systems should ideally be eld-free.13 Indeed,
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as we have reported previously, non-polar InGaN/GaN a- and m-plane14 and GaN/AlGaN
a-plane15 QWs all show well resolved exciton peaks in low temperature PLE spectroscopy.
This allows for a well-dened measurement of any SS.
From a theoretical perspective the study of emission and absorption properties of a highly
disordered system is challenging. Firstly, only very recently theoretical studies have ac-
counted for localization eects due to disorder in realistic InGaN QWs.2,14,16{18 The theoret-
ical approaches range from modied continuum-based studies up to atomistic calculations.
All these studies clearly show that alloy uctuations in InGaN QWs lead to strong carrier lo-
calization eects. These investigations have mainly addressed a few energetically low-lying
states which are relevant to describe PL spectra. For the analysis of PLE or absorption
spectra the full DOS, including localized states, is of central importance to explain the SS.
A further complication is added to the modeling process when studying non-polar InGaN
QWs. In contrast to c-plane systems, where the strong built-in elds dominate the optical
properties of these structures, these elds are ideally absent in non-polar wells. This has far
reaching consequences since Coulomb eects become important for a detailed understanding
of the optical properties.5 Thus, the challenge for the theoretical modeling of PL and PLE
spectra is not only that a large number of electron and hole (localized) states have to be
considered but also the Coulomb interaction between carriers in these states.
In this paper we present such a theoretical study. Our model is based on an atom-
istic tight-binding (TB) model, taking local strain and built-in potential uctuations due to
(random) alloy uctuations into account.14,17,19 With this model we have addressed the PL
and PLE spectrum of a non-polar m-plane InGaN/GaN QW that has been experimentally
characterized by a variety of dierent methods.14 Equipped with this knowledge about the
structural features, more than 100 hole and 20 electron single-particle states have been cal-
culated. Coulomb eects have been accounted for by performing a conguration interaction
(CI) calculation. This allowed us to obtain emission and absorption spectra. These calcula-
tions have been compared to results from (i) a virtual crystal approximation (VCA) of the
system, which neglects the eect of alloy disorder completely, and (ii) low temperature PL
and PLE studies. The combination of PL and PLE measurements reveal a signicant SS
(180 meV), while the VCA does not predict such a shift. This originates from the fact that
the VCA neglects the eect of random alloy uctuations. However, the VCA explains the
main features of the PLE spectrum (e.g. splitting of excitonic states). These features are
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also captured by the fully atomistic treatment. Moreover, a discernible SS is observed when
a random alloy distribution is assumed in the QW. Furthermore, random alloy uctuations
result in a signicant broadening of the PL and PLE spectra, similar to the experiment.
Thus our combined theoretical and experimental study reveals that random alloy uctua-
tions signicantly contribute to the SS experimentally observed in m-plane InGaN QWs.
The m-plane InGaN/GaN multi-QW (MQW) sample studied here has been grown on a
free-standing m-plane (1-100) GaN substrate by metal organic vapor phase epitaxy. The
substrate had a misorientation of 2  0:2 in the negative c-direction. More information
about growth and defect densities can be found in Ref. 14.
To obtain a detailed picture of the structural properties of the sample a variety of dierent
experimental approaches have been applied. The In content, well and barrier width have
been determined by x-ray diraction (XRD) measurements, revealing a well width of 2:00:3
nm and an In content of 18:3  0:7%. Additionally the In content of the sample was
determined by atom probe tomography (APT), resulting in a value of 17:0  0:6%. The
APT analysis has also been used to gain insight into the In distribution in the well. This
study revealed that a random distribution of the In atoms in the active region of the sample
is a reasonable initial assumption but subtle deviations from randomness cannot be ruled
out.14
The sample was further characterized experimentally by PL and polarized PLE (P-PLE)
spectroscopy. These measurements were carried out either applying excitation from a CW
He/Cd laser or by using a 300 W xenon lamp and a monochromator producing a tunable
or xed excitation source. A 0.85 m double-grating spectrometer and a Peltier cooled GaAs
photomultiplier with standard lock-in detection techniques has been used to obtain the
spectra. More details are given in Ref. 14.
The results of the low temperature PL and PLE study are shown in Fig. 1 (a). The black
solid line corresponds to the (unpolarized) PL spectrum, while the P-PLE spectra are shown
by (blue) dashed and (red) dashed-dotted lines. In the case of the blue dashed line, the plane
of polarization of the incident light is perpendicular to the c-axis of the crystal (E ? c).
The red dashed-dotted line depicts the result for E k c. Several features of the spectra are
of interest for the present study. First, we observe that the PL spectrum is very broad with
a full width at half maximum (FWHM) of 135 meV. Second, in the PLE spectra we observe
distinct peaks that are attributable to the creation of free excitons. We nd a splitting
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FIG. 1. (a) Low-temperature (10 K) PL and PLE spectra for the m-plane InGaN QW sample.
The PLE spectra are shown with the plane of polarization of the incident light perpendicular (blue
dashed) or parallel (red dashed-dotted) to the crystal c axis. The PL spectrum is given by the
black solid line. (b) Calculated PL and PLE within VCA. (c) Same as (b) but from the calculation
including random alloy eects.
of E
?;k
1;exp  35 meV of the two lowest energy exciton peaks for both light polarization
directions, denoted by E?1;exp and E
k
1;exp, respectively (cf. Fig. 1 (a)). This splitting can be
attributed to the fact that the connement along the growth direction breaks the degeneracy
of the two topmost valence bands in a wurtzite crystal, leaving us with the situation that the
topmost valence state is oriented perpendicular to the growth direction and perpendicular
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to the c-axis.15 Assuming growth along the y-direction, this state is jXi-like in character.
Due to the positive crystal eld splitting energy in InN and GaN the jZi-like state, which is
parallel to the c-axis and detectable in E k c conguration, lies energetically slightly below
the jXi-like state. On the high energy side of the P-PLE spectrum we nd a second set
of these peaks (E?2;exp and E
k
2;exp), which can be attributed to transitions between higher
lying electron and hole states. The peak of the PL spectrum lies 180 meV (the SS) below
the energy of the lowest lying free exciton transition in the P-PLE spectra. This occurs
because before the excitons decay either by radiative or non-radiative processes they can
relax and be localized at local potential minima in the QWs. Thus carrier localization plays
an important role in the optical properties of these systems.
We address this system now from a theoretical point of view. To do so, the calculations
have been carried out in the framework of an atomistic TB model combined with a local
polarization theory. Details of the model and how it treats random alloy eects can be
found in Refs. 17 and 19. However, before turning to the fully atomistic calculation, we
have performed a VCA calculation. This means that we are using a linear interpolation of
all required input parameters, e.g. elastic constants, but allowing for a band gap bowing
parameter of approximately 1.4 eV. It is important to stress here that this calculation
is presented simply as a frame of reference to highlight the importance of random alloy
uctuations and related carrier localization eects. Thus, the purpose of the VCA is merely
to establish general trends. To account for Coulomb eects we have calculated 20 electron
and 30 single-particle hole states and fed this into the CI scheme. To make these calculations
feasible, especially since we have to include even more states in the fully atomistic calculation,
we use a diagonal approximation in the CI.20 Since we are mainly interested in energetic
shifts and exciton localization eects this approximation should be sucient. Results of
the VCA calculations are depicted in Fig. 1 (b). Similar to the experimental results, the
unpolarized PL data is shown in black, while the (blue) dashed line gives the PLE data
for E k c. The (red) dashed-dotted line corresponds to E ? c. The discrete transitions
have been broadened by a Lorentzian with a broadening parameter of 10 meV. The chosen
parameter is small enough not to aect the width of the nal spectrum, but large enough
for the spectrum to be relatively smooth when alloy eects are included on an atomistic
level. When comparing theoretical and experimental data we nd several similarities and
dierences. The most striking dierence between VCA and experiment is that in VCA the
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PL peak and the rst excitonic transition in the PLE, E?1;vca, are at the same energetic
position. This is exactly what one would expect from a continuum-like calculation since
it completely neglects localization eects. However, the VCA captures several features of
the PLE spectrum. For instance, the transition E?1;vca lies energetically below the E
k
1;vca
transition. This behavior is consistent with the experimental data (cf. Fig. 1 (a)). The
calculated splitting E
?;k
1;vca = 37 meV is in good agreement with the experimental value of
E
?;k
1;exp  35 meV. When looking at our VCA results, we nd also a second set of these
two peaks at the high energy side of our spectrum (E?2;vca and E
k
2;vca), which are related to
excited electron and hole state transitions. A similar structure is visible in the experimental
spectra (E?2;vca and E
k
2;exp in Fig. 1 (a)). Overall, the VCA reects the main features of the
measured PLE spectrum while it fails completely to describe the SS.
We have performed the same calculation now for a random distribution of In atoms in
the QW by means of our atomistic TB theory. To achieve a realistic description of dierent
microscopic congurations in the system, the calculations have been repeated 75 times for
a xed average In content of 17%. In the CI calculation we have included 20 electron and
over 100 hole single-particle states. Figure 1 (c) shows the averaged results. The black
solid line depicts the unpolarized PL spectrum. The low energy PL peak at 2.73 eV arises
from a small number of exceptionally strongly localized states; more congurations would
be required to reliably treat the importance of such states, thus they are excluded from
determining the SS. The PLE results are given by the (blue) dashed and (red) dashed-
dotted line for E ? c and E k c, respectively. When taking localized states due to random
alloy uctuations into account, we nd a clear energetic separation between the PL and
the rst exciton peak, denoted in the atomistic calculation by E?1;alloy. The calculated SS
is EStokesalloy  55 meV. Even though it is smaller than the experimental value EStokesexp 
180 meV, our calculations provide clear evidence that random alloy uctuation eects can
signicantly modify the DOS and contribute to the SS. Furthermore, in comparison to the
VCA, the random alloy uctuations lead to a signicant broadening of both the PL and
PLE spectrum. The calculated FWHM of the PL is approximately 101 meV and is in good
agreement with the experimentally extracted value of 134 meV. The calculated splitting
between E?1;alloy and E
k
1;alloy is E
?;k
1;alloy  23 meV, similar to the experimental value of
E
?;k
1;vca  35 meV. Also, the polarization properties of the rst two excitonic transitions
E?1;alloy and E
k
1;alloy are the same as in the VCA, Fig. 1 (b), and consistent with the experiment,
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Fig. 1 (a). However, when including random alloy uctuations in the calculations, the
peaks are signicantly broadened, again similar to the experiment. The broadening arises
because, due to the presence of random alloy aects, each microscopic conguration gives
a slightly dierent transition energy. Consistent with the experiment we nd a second set
of transitions E?2;alloy and E
k
2;alloy on the high energy side of the PLE spectrum, which again
originate from transitions between excited electron and hole states. The splitting between
these two features, E
?;k
2;alloy  40 meV, is in good agreement with the VCA result.
Obviously there are several dierences between theory and experiment, likely due to a
combination of several factors. Firstly, the calculated SS is much smaller than the measured
one. Since this quantity should depend strongly on the modication of the DOS due to the
presence of localized states, the microstructure of the alloy plays a central role. As discussed
above, deviations from a random In distribution, as assumed in the calculations, cannot be
ruled out from our APT data. Since random alloy uctuations lead to a signicant SS,
\clustering" eects in the alloy, as reported for a-plane QWs,21 should notably aect the
DOS of localized states. Secondly, whilst both the In content and well width used in the
calculations are within the experimentally measured ranges, deviations of the selected values
from the true values within the experimental errors could aect the results. If the In content
were larger, localization eects would become more pronounced,18 whilst a smaller well width
would lead to a larger band gap and consequently to a later onset of the calculated excitonic
transitions in the PLE spectrum. It is beyond the scope of the present study to analyze in
detail the impact of these factors, or of uncertainties related to material parameters such
as band osets, band oset ratios or eective masses used in the calculations. The aim of
this study is to establish general trends and highlight by explicit calculation the importance
of the random alloy uctuations on emission and absorption features in non-polar InGaN
QWs.
In summary, we have presented a combined theoretical and experimental analysis of the
emission and absorption features of m-plane InGaN/GaN QWs. The measured PL and
PLE spectra have been compared with VCA and atomistic TB calculations. The VCA does
not produce a SS since it neglects the eect of alloy disorder, but it reproduces the main
features of the PLE spectrum e.g. the splitting of the exciton states. These features are
also reproduced by the fully atomistic treatment. Moreover, a discernible SS is observed
when including random alloy uctuations. Thus we demonstrate explicitly the importance
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of carrier localization due to random alloy uctuations in determining the optical properties,
not just PL spectra, in m-plane InGaN QWs.
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